INTRODUCTION
Researchers of acidic deposition (acid rain) are commonly confronted with unique geochemical problems in data interpretation because of the low pH and low ionic strength of precipitation. In areas affected by acid rain, surface and ground waters are commonly acidified, and may even display some interesting geochemical properties such as negative alkalinities. Surfacewater geochemistry can be particularly complex in areas such as the New Jersey Pinelands (Means and others, 1981) , the North Carolina Sandhills region (J.K. Crawford, U.S. Geological Survey, Raleigh, N.C., oral commun., 1986) , and the Bickford watershed, in Massachusetts (Eshleman and Hemond, 1985) , where organic materials are present in high concentrations. Although there is a substantial library of geochemical computer models, including WATEQ 2 (Truesdell and Jones, 1974) , SOLMENEQ 3 (Kharaka and Barnes, 1973) , and MINEQL4 (Westall and others, 1976) , among others (see Nordstrom, 1979 , for a review), the peculiarities of many low-ionic-strength waters require special modeling techniques.
ARCHEM5 , a FORTRAN 77 computer program, was designed specifically to deal with geochemical factors such as: pH, alkalinity, organic-anion concentration, and aluminum speciation in a manner rigorous enough for use Use of trade names in this report is for identification purposes only and does not constitute endorsement by the U.S. Geological Survey.
2 WATEQ is the acronym for a computer program for calculating chemical equilibria of natural waters. 3 SOLMENEQ is the acronym for a computer program for solution-mineral equilibrium computations. 4 MINEQL is the acronym for a computer program for the calculation of chemical equilibrium composition of aqueous species. 5 ARCHEM is the acronym for a computer program for geochemical analysis of acid-rain and other lowionic-strength, acidic waters.
with low-ionic-strength waters. ARCHEM is not intended to be as sophisticated a model as WATEQ, SOLMENEQ, and MINEQL, nor does it give as detailed information on solution-mineral equilibria. The number of reactions considered by the model is limited, and a number of simplifications and estimation techniques are employed. However, the model may be used simply and effectively in the routine geochemical interpretation of low-ionic-strength, acidic water samples, and in the evaluation of their analytical accuracy. ARCHEM may be most useful for precipitation samples, which generally do not warrant calculations of mineral saturation indexes; for samples containing dissolved organics that can greatly complicate the geochemistry through interactions which are at present not well understood; and for performing checks on the analytical accuracy of large numbers of samples.
Like many existing geochemical computer programs, ARCHEM is based on an equilibrium model that uses both mass balance and mass action equations. The equations are solved through the method of successive iterations (Garrels and Thompson, 1962; Truesdell and Jones, 1974) . The main body of the program calculates: (1) equilibrium molarities and activities of major aqueous species (see table 1), including an estimation of the organic-anion concentration; (2) equilibrium concentrations of major aluminum species (see table 2); and (3) ionic strength.
Purpose and Scope
This paper describes (1) the geochemical equations used to perform these calculations, (2) the iterative method for solving these equations, and (3) a number of calculations that aid in the interpretation of water chemistry. These calculations include (1) ion ratios, including a ferric to ferrous iron ratio computed from oxidation-reduction equations; (2) cation/anion balances based on analytical and computed data and inclusion of the organic-anion concentration as a component; and (3) specific conductance.
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GEOCHEMICAL BASIS FOR COMPUTER PROGRAM Major Equilibrium Equations
where K25 is the value of the equilibrium constant at 25 °C (298°K) and K is the value of the equilibrium constant at the sample temperature, T 2 , in degrees Kelvin.
The Van't Hoff equation, as presented above, assumes that the enthalpy change is independent of temperature. This assumption is not, in fact, correct for all of the reactions considered by ARCHEM. Although corrections for enthalpy changes can be made (see Stumm and Morgan, 1981, p. 69-71) , ARCHEM uses the more simple equation presented above. According to Hem (1985) , the use of the Van't Hoff equation as an approximation "is applicable over temperature ranges to be expected in most natural waters." The program is intended and designed for use on samples approaching standard pressure and temperature conditions , so that this approximation does not present additional limitations.
Aluminum Equilibria
ARCHEM also calculates the equilibrium concentrations of inorganic aluminum species (see table 2) , because (1) aluminum species can act as the predominant buffering agents in low-ionic -strength waters (see, for example, Johnson and others, 1981) , and (2) certain aluminum species may be toxic to fish populations (Driscoll and others, 1980) and may adversely affect tree growth (Ulrich and others, 1980) . Table 2 is a list of the aluminum equilibrium equations and thermodynamic values utilized by ARCHEM. These values were chosen on the basis of (1) values prevalent in the recent acidrain literature (see, for example, Johnson and others, 1981; Driscoll, 1984; and Cosby and others, 1985a) and (2) suggestions in Nordstrom and others (1984) . An effort was made to maintain internal consistency within any one set of complexes (fluoride versus sulfate versus hydroxide) by choosing logK data from only one source for each of these sets (aluminum-fluoride complexes from Hem, 1968; aluminum -sulfate complexes from Behr and Wendt, 1962 ; and aluminum-hydroxide complexes from May and others, 1979) . However, no attempt was made to maintain consistency between the sets of complexes.
Cozzarelli (U.S. Geological Survey, Reston, Va. , written commun. , 1987) cautions that the use of inconsistent thermodynamic data in the program may cause problems in the calculation of species' equilibrium distributions. The authors, therefore, strongly recommend that users perform a careful review of the recent literature before using the program. Nordstrom and others (1984) , which is an excellent reference for such a review, provides a compilation of aluminum thermodynamic data along with recommendations for use, and a discussion of problems involving thermodynamic inconsistency. The responsibility for selection of thermodynamic data, for all of the species in the program, ultimately rests with the user. The thermodynamic values may be altered easily within the source code. 1 Hem, 1968 . 2 Smith and Martell, 1976 . 3 Nordstrom and others, 1984 . 4 Behr and Wendt, 1962 . 5 Izatt and others, 1969 . 6 May and others, 1979 . 7 Plummer and others, 1976 If dissolved aluminum has been analytically fractionated into nonlabile monomeric aluminum (monomeric alumino-organic complexes) and labile monomeric aluminum (free aluminum and alumino-sulfate, fluoride, and hydroxide complexes), then the program will subtract out organically bound aluminum before calculating concentrations of inorganic species. Otherwise, the programmer may choose between two options: (1) to calculate aluminum speciation treating the input value of aluminum as the total of all inorganic aluminum, or (2) to set the concentration of Al 3 equal to the input value of aluminum, disregarding speciation entirely. In many instances, option (1) may give a better value for the computed ion balance, because A1F 2 is generally the dominant inorganic aluminum species (LaZerte, 1984) . Aluminum fractionation by analytical means is strongly recommended, however, because the concentrations of dissolved inorganic aluminum species may be overestimated in waters containing organically-bound aluminum. A potential method for estimating the maximum quantity of aluminum that may be bound to organics is discussed below.
Organic-anion Concentration
Oliver and others (1983) showed that calculation of the concentration of the 'organic anion', which results from the dissociation of aquatic humic substances, can greatly improve ion balances for highly-colored natural waters. ARCHEM, therefore, performs an estimation of the organic-anion concentration, based on the equations derived by Oliver and others (1983) for "highly colored natural waters, where most of the organic carbon is humic material." First, an empirical expression is used to calculate the negative logarithm of the mass action quotient of humic and fulvic acids (the pK) from the pH: pK -0.96 + (0.90 x pH) -(0.039 x pH 2 ) (3) (Oliver and others, 1983, p.2033) . Next, the concentration of organic acid (C t> is calculated by multiplying the dissolved organic carbon concentration (DOC) in milligrams per liter by 10 /jeq/mg C (microequivalents per milligram carbon)--the factor that Oliver and others (1983) found to be representative of humic substances from a variety of surface and ground waters in North America and Hawaii. This factor can be changed easily within the body of ARCHEM (see documentation in the source code) in instances where 10 /jeq/mg C is not a representative value. Finally, the values thus calculated are substituted into the following equation to determine the organic-anion concentration [OA]: (Oliver and others, 1983, p. 2034) .
Alkalinity Equations
The equation for alkalinity can be used along with mass action and mass balance equations in solving for the equilibrium concentrations of species. The equation for alkalinity must, however, be defined according to the specific chemical characteristics of any given system. A generalized alkalinity equation was synthesized from the recent acid-rain literature. This equation is applicable to a wide range of conditions, including waters with negative values of alkalinity.
In ARCHEM, the concentrations of phosphate ion, of the organic anion, and of the major aluminum species as defined by Cosby and others (1985b, p. 1594) have been added to the standard form of the alkalinity equation (Stumm and Morgan, 1981, p. 188 Alkalinity can also be defined as the sum of base cations (C^,) minus the sum of strong acid anions (C ) (Stumm and Morgan, 1981, p. 182) . ARCHEM, therefore, performs a second calculation of alkalinity according to the equation:
The value of alkalinity thus computed is reported in the output file but is not utilized in further equilibrium calculations. This value of alkalinity can, however, be used as a rough check on the analytical value of alkalinity, and can be used in future runs of the program as an estimate of the alkalinity when no analytical value is available.
Fluoride Concentrations
Fluoride is a particularly important component of the equations considered by ARCHEM because of the role fluoride plays in complexing aluminum (see table 2 ). The program's treatment of fluoride depends on the method of analysis. If an ion-specific electrode was used, then the activity of the fluoride ion ({F }) is set equal to the input value for fluoride. However, if only the concentration of total dissolved fluoride was determined, then an extra set of equations must be added to the equilibrium equations described above in order to solve for free fluoride, [F ] . In this case, the assumption:
where H+ + F~ = HF; log 10 K -3.17 (Roberson and Hem, 1969, p. C3 ) (9) is a necessary simplification (LaZerte, 1984) that yields a linear expression and first approximation for [F ] . The value of [F ] determined from this equation is then substituted into the other equilibrium equations in order to solve for the concentrations of the various aluminum-fluoride components. The value of [F ] is refined by the iterative procedure.
Activity Coefficients and Ionic Strength
The reactions presented in tables 1 and 2 and equation 9 have corresponding mass action equations which may be used in solving for the concentrations of species at equilibrium. For a generalized reaction:
with an equilibrium constant K, the mass action equation would be:
where {} symbolizes an activity. In order to utilize these mass action equations, ARCHEM must calculate the activity coefficients (7. 3) of the various ionic species (where {A} = 7 x [A]). The activity coefficients are dependent, in turn, on the ionic strength of the sample solution. The ionic strength (I) is calculated using the standard equation:
n=l where n is the total number of ions in solution, m. is the molarity of the i-th ion in the solution, and z. is the ion's charge (Garrels and Christ, 1965, p. 56) .
1
The following extended form of the Debye-Huckel expression, accurate for ionic strengths of less than 0.1 (Stumm and Morgan, 1981, p. 135) , is used to calculate the ion activity coefficients (7.) :
Here, a. is a constant related to the 'effective hydrated diameter' of the ion in solution (Garrels and Christ, 1965, p. 61 Klotz and Rosenberg, 1972.] Species a± x .3257
.3265
.3273
.3281
.3289
* Equations used to calculate A and B values:
where T is the temperature in degrees Celsius.
The activity coefficients of the ionic aluminum species are calculated in the manner of Johnson and others (1981) by taking the average of the activity coefficients of other species with the same charge.
ARCHEM treats pH as the negative logarithm of the hydrogen-ion activity. For any individual sample, the hydrogen-ion activity remains constant throughout the program.
Activity coefficients of all non-ionic species, including water, are taken to be 1.
STRUCTURE OF COMPUTER PROGRAM
The equilibrium relations (mass-action equations, and the organicanion, alkalinity, and fluoride equations), along with various mass-balance relationships, represent a group of simultaneous equations which can be solved through successive approximations. The equations are solved first using a carefully-chosen array of simplifications: the activity coefficients are set equal to 1, the sulfate concentration, [S04 2 ] is set equal to 10 percent of the total sulfate, and bicarbonate is set equal to the alkalinity. The value, [S04~2 ] -0.10 x total sulfate, is an arbitrary value that is refined by the program in future iterations. The molarity of free calcium, [Ca+2 ] is then calculated from the expression:
where X = ( 7Ca x Free magnesium, [Mg 2 ] and free aluminum, [Al 3 ] are both calculated in a similar fashion. Although equilibrium concentrations are normally written in terms of molalities, ARCHEM uses molarities. This simplification is valid because for dilute waters, the differences between molality and molarity are small and generally can be neglected (Garrels and Christ, 1965; Hem, 1985 (17) 2 where the components in parentheses have values only if aluminum speciation is selected as an option. If these two sulfate values (old S0 4 and new S0 4 ) differ by less than 0.1 percent, then the iterations are halted and the various calculated concentrations are taken to be representative of the water sample, under equilibrium conditions. Otherwise, the sulfate ion concentration is increased by the amount (old S0 4 -new S0 4 )/2, the calculations are performed again using the various refined values, and the loop is repeated until sulfate values converge. This convergence generally occurs within six iterations.
SPECIAL INTERPRETIVE FEATURES OF COMPUTER PROGRAM
After solving for equilibrium concentrations and activities, as described above, ARCHEM performs a series of calculations to assist in the interpretation of analytical and computed data. These calculations include ion ratios, cation/anion balances, and specific conductance. Ion ratios can be used to classify waters, to compare waters from similar or different geohydrologic sources, and in some instances, to determine the mineralogic sources of ions in solution (see Hem, 1985) . Cation/anion balances and specific-conductance calculations can be used to evaluate the accuracy of water analyses. The analytical accuracy in turn limits the accuracy of all of the calculations performed by ARCHEM. As a further aid in the interpretation of water analyses, the input file for ARCHEM includes a section for identifying input values that are below the detection limit, estimated, or otherwise noteworthy. These 'flags,' which do not alter program functions, are included in the output file.
Ion Ratios ARCHEM calculates the following ratios of analytical molarities: Na/Cl, Ca/Cl, Mg/Cl, K/C1, A1/C1, S0 4 /C1, Ca/Mg, S0 4 /N0 3 , H+/S0 4 , H+/N0 3 , and H+/( S0 4 + N0 3 ); and of computed molarities: Ca/Cl, Mg/Cl, S0 4 /C1, and Al/Cl. The ratio of the logarithm of [Al+3 ] to the pH is also calculated, because this ratio may be used in acid-rain studies to determine whether or not aluminum is in equilibrium with an A1(OH) 3 mineral (Johnson and others, 1981 (Johnson and others, , p. 1430 (Johnson and others, -1431 Hooper and Shoemaker, 1985, p 463) . Lastly, the ratio of ferric to ferrous iron is calculated from the dissolved oxygen concentration (DO) using oxidation-reduction equations. The DO, in mg/L (milligrams per liter), is first converted to the partial pressure of oxygen (p02 ) using the equation: p0 2 -DO/32000.
The value of p02 , thus calculated, is then substituted into the equation for electron activity (Sato, 1960) to determine the electron activity (pE):
where 11.385 is the value of -log K from Truesdell and Jones (1974,°2 p. 239) . This equation has been simplified by assuming that the activity of water is 1.
The ratio of ferric to ferrous iron is then calculated from the redox relation (Stumm and Morgan, 1981, p. 447 where eq/L represents equivalents per liter. The cation/anion balances have a few special features: (1) both balances include the organic anion concentration, which is computed as outlined above; (2) the analytical ion balance treats all iron present as Fe+ 3 , whereas the computed ion balance uses either Fe+3 or Fe*~" according to the pE computed above; (3) for positive alkalinity, the analytical ion balance sets the bicarbonate-ion concentration equal to the alkalinity; for negative alkalinity, the bicarbonate-ion concentration is set to zero; and (4) in instances where aluminum speciation is not calculated, the computed ion balance treats all aluminum as Al+3 . An error statement is printed if the analytical ion balance is off by more than 5 percent but less than 10 percent. A separate message flags imbalances greater than 10 percent.
Specific Conductance
The specific conductance of a water sample depends on the types and concentrations of dissolved ionic substances, and on the sample temperature. Along with cation/anion balances, specific-conductance (SC) calculations can thus serve as data-quality checks in aqueous geochemical systems (American Public Health Association and others, 1975) . Calculations of equivalent conductances were first incorporated into an equilibrium computer model by Reynolds (1978, p. 589-590) , and his approach is utilized here. The specific conductance of a solution at 25°C can be calculated using the Onsager Limiting Law (Harned and Owen, 1958):
1$ SC = 1000 S n^ z., ( AQ i -( . 634 AQ i | zj I ) ,
where m. is the molarity of the i-th species in solution, z. is the ion's charge, and I is the ionic strength of the solution. The values of A i used by ARCHEM are presented in table 5.
For conductances measured on a meter that does not correct the reading to 25°C, the following equation is needed in order to compare calculated with measured conductance:
where SC25 is the calculated conductance at 25°C and SCT is the conductance at the sample temperature, T (°C). This equation is based on the observation that conductance increases with temperature at a rate of about 2 percent per degree Celsius. Instructions for incorporating this equation are provided in the source code.
ARCHEM computes the percent difference between calculated and observed conductances according to the equation:
An error flag is printed if the value of SC difference is greater than 5 percent, and a separate message is printed for a SC difference of more than 10 percent.
Component Flags
As a final interpretive feature, the program is designed to read an extra line of input containing single-digit, real numbers which can be used to 'flag' important information about any particular component. For example, '1.' may be used to symbolize a concentration below the detection limit; '2.' may represent an estimated value. These flags appear in a column of the output file, and can serve as useful indicators of the significance of values. The flags do not play an active role in determining program functions; the program uses whatever value is input, regardless of the flag. The treatment of detection-limit values and of missing values must be determined by the individual user.
LIMITATIONS OF COMPUTER PROGRAM
A number of factors limit the types of water samples that should be run on ARCHEM. The water temperature should be greater than 0° but less than 30°C (a temperature of 0.0° will cause mathematical problems), and the pH should be less than 10. Additionally, the ionic strength of the water should be less than 0.1, the maximum value permitted by the equation for the ion-activity coefficients (see equation 11) . Lastly, the user should * Another important program limitation arises because the user must choose between laboratory and field data (pH, SC, and temperature) for use in calculating the equilibrium distribution of species and the value of SC difference. The program, therefore, must be run twice in order to compare equilibrium distribution of species under both field and laboratory conditions.
The following cautionary notes concern the use of the program: (1) the program assumes equilibrium conditions, and thus may yield results that are not representative of the water if nonequilibrium conditions exist; (2) the 10 jueq/mg C conversion factor used in the organic-anion calculation may not be correct for a particular water sample and at best will yield only an estimate of the organic-anion concentration; (3) the treatment of iron is fairly crude, although the ferric to ferrous iron ratio should serve as an aid in detecting errors caused by this treatment; (4) although the program may be run on an incomplete data set, the results may be misleading; and (5) for samples that fail the analytical ion balance by greater than 10 percent, the calculated equilibrium concentrations may be erroneous due to analytical errors. Furthermore, the chemistry of the water sample may limit the usefulness of the specific conductance calculation. As the pH decreases, the utility of the specific conductance calculation decreases. At low pH, the hydrogen ion dominates the sample conductance, so that the calculated specific conductance provides less information about the other ions in solution, but is an excellent check on the pH measurement.
The use of specific conductance calculations also may be limited by the presence of ions such as aluminum and iron, for which the limiting ion conductances are not known (Cronan, 1978) . ARCHEM has been tested on more than 200 surface-and ground-water samples from McDonalds Branch basin in Lebanon State Forest, N.J., where the surface and ground waters often have high concentrations of dissolved aluminum and iron. In spite of the high aluminum and iron concentrations, the calculated specific conductances, generally, were within 5 percent of the measured values. Furthermore, the sample with the highest combined aluminum and iron values, 10,000 and 370 jug/L (D.G. Lord, U.S. Geological Survey, West Trenton, N.J., written commun., 1986), respectively, had a calculated specific conductance that differed from the measured value by only 6.4 percent.
ARCHEM may be run on data files containing from 1 to 50 sample analyses. The maximum number of samples may be reset using an available editor. Instructions for this procedure are outlined in the source code.
DATA INPUT
The format of sample input files is presented in Attachment A. In addition to the information contained in the input files, the program prompts the user for: (1) the name of the input file (up to 10 characters), (2) the name of the output file (up to 10 characters), (3) the date of the program run (up to 12 characters), and (4) the number of samples to be run (up to 50 from any one file, in integer format). The maximum number of data files may be reset using an available editor. Instructions for this procedure are outlined in the source code.
TEST CASE
A sample output file is shown in Attachment B. This sample is from McDonalds Branch in Lebanon State Forest, N.J., and was obtained as part of a U.S. Geological Survey study of acidic deposition in McDonalds Branch basin. The waters of McDonalds Branch commonly have low pH, low alkalinity, and high concentrations of DOC, aluminum, and iron. The analytical ion balance for this sample has been improved significantly by the addition of the organic-anion concentration to the sum of anions. Without the organicanion concentration, the percent difference in cations and anions would have been 13.2; with the organic-anion concentration, the percent difference is only 7.2. Despite the high concentrations of aluminum and iron (1,300 and 290 /ig/L, respectively) the percent difference in measured versus calculated specific conductance is only 3.1. Although aluminum fractionation was not performed on this sample, the equilibrium distribution of aluminum species has been calculated for display purposes. In some instances, ARCHEM may be used to estimate the maximum concentration of organically bound aluminum, by assuming that all of the calculated organic anion is balanced by aluminum (Thurman, E. M., U.S. Geological Survey Denver, Colo., oral commun., 1986). This approach is being evaluated presently by the authors.
SUMMARY
The computer program ARCHEM was designed for the routine geochemical interpretation of low-ionic-strength, acidic waters, as are commonly encountered in acid-rain studies. ARCHEM calculates equilibrium speciation, ionic strength, ion ratios, cation/anion balances, and specific conductance. The program has a number of special features, including a calculation of the organic-anion concentration, which can greatly improve cation/anion balances in some waters. Furthermore, the program allows for the input of negative alkalinity values. Lastly, ARCHEM may be run on files of multiple sample analyses. (Copies of this source code on diskette can be purchased from the address given in the front of the book) (REPEAT CARDS 1-6 FOR REMAINING SAMPLES) 31 C 32 C *************************************************************** 385 CA -TCAZ/(1.+(GCA*GS04*S04/K1)+(GHC03*HC03*GCA/(K2*GCAHC03))+ 386 * (GCA*GC03*C03/K5)) 387 MG -TMGZ/(1.+(GMG*GS04*S04/K3)+(GHC03*HC03*GMG/(K4*GMGHC03))+ 388 * (GMG*GC03*C03/K6)) 389 CAS04 = (CA*GCA*GS04*S04)/K1 390 MGS04 -(MG*GMG*GS04*S04)/K3 391 CAHC03 -(CA*GCA*GHC03*HC03)/(K2*GCAHC03) 392 MGHC03 -(MG*HC03*GMG*GHC03)/(K4*GMGHC03) 393 CAC03 -GCA*CA*GC03*C03/K5 394 MGC03 = GMG*MG*GC03*C03/K6 395 C......OPTIONAL AL SPECIATION CALCULATIONS 396 IF (ALSP(IL) .EQ. 2.) THEN 397 Gl -(GH+GNA+GK+GNH4+GCL+GF+GBR+GN03)/8. 398 G2 -(GCA+GMG+GS04+GMN)/4. 399 G3 -(GP04+GAL)/2. 400 AL3 -(ALZ-(ORGAL(IL)))/((1./GAL)+(KOH1/(GH*HY*G2))+ 401 * (KOH2/(GH*GH*HY*HY*G1)) + (KOH3/(GH*GH*GH*HY*HY*HY))+ 402 * (KOH4/(HY*HY*HY*HY*GH*GH*GH*GH*G1))+(FZ*GF*KF1/G2)+ 403 * (FZ*FZ*GF*GF*KF2/G1)+(FZ*FZ*FZ*GF*GF*GF*KF3) + (FZ*FZ*FZ*FZ* 404 * GF*GF*GF*GF*KF4/G1)+(FZ*FZ*FZ*FZ*FZ*GF*GF*GF*GF*GF*KF5/G2) 405 * + ((FZ**6)*(GF**6)*KF6/G3)+(S04*GS04*KS1/G1)+ 406 * ((S04**2)*(GS04**2)*(KS2/G1))) 407 
